In vivo gene transfer is a powerful tool for investigating protein function and gene regulation in living organisms. Delivery of plasmid DNA to the brain of Xenopus tadpoles by bulk electroporationmediated (EM) gene transfer can be used to study the effects of ectopic gene expression on development, physiology, and behavior. It can also be used to mark cells for lineage tracing, investigate the in vivo function of gene regulatory elements when linked to a reporter gene, and introduce mutations into the genome of transfected cells, among other applications. Bilateral EM gene transfer allows for transfection of both sides of the brain, whereas unilateral EM gene transfer enables analysis of the effects of forced gene expression on one side of the brain, with the other side serving as the control.
Xenopus laevis tadpoles (premetamorphic stages Nieuwkoop and Faber (NF) [49] [50] [Nieuwkoop and Faber 1956]) Healthy, actively growing tadpoles are essential to the success of this technique! Healthy X. laevis tadpoles reared at 23˚C (water temperature) typically reach NF stage 50 from 10 to 12 d after hatching. In our experience, actively swimming tadpoles with a length of 1.8 cm or greater at NF stage 50 show higher rates of survival than smaller tadpoles that are less active.
This method was developed for X. laevis; however, it also can be applied to X. tropicalis tadpoles.
Equipment
Borosilicate glass capillary pipettes (3.5 inch length) (Drummond Scientific 3-000-203-G/X) Dissection microscope and light source Electrodes (3 × 5 mm gold-plated Genepaddles) (BTX Model 542) Fluorescent stereoscope (for analyzing expression of EGFP in tadpole brain) Hypodermic needle (30-gauge) and syringe (1-cc) Insulated wires (Pomona Electronics) Light stereoscope Microinjector (Nanoject II Auto-Nanoliter Injector) (Drummond Scientific) Micromanipulators (one for holding the microinjector and one for holding the electrodes) Micropipette puller (e.g., Sutter Instrument P-97) Microscope slides Oscilloscope (e.g., Rigol DS1000E) Paintbrush, small Parafilm Petri dishes, plastic (100-mm) Rearing tanks 10-L (for tadpole growth) 2-L (one for anesthesia and one for recovery per treatment group)
Include an airstone in the recovery tanks. In our experience, oxygenation of the water provided by the airstone flow significantly improves tadpole survival after electroporation.
SD-9 square pulse stimulator (Grass Instruments) Stage or eyepiece micrometer Tissue paper Transfer pipettes, plastic (Fisher Scientific 13-711-7M)
METHOD
Tadpole Husbandry 1. After tadpoles hatch and become free swimming (NF stage 45), distribute animals into 10-L tanks at 2-3 tadpoles per liter.
2. Maintain tadpoles in dechlorinated tap water at 23˚C on a 12L:12D photoperiod. Feed tadpoles twice per day with powdered growth food or frog brittle.
Electrical System Setup 3. Set the stimulator electric pulse to square wave, 25-30 V with a 15-to 25-msec pulse duration.
These settings are adapted for use with the specified electrodes and stimulator. Settings may differ for other instruments and should be determined empirically. Parameters to be monitored are (1) tadpole survival, and (2) transfection efficiency (monitored using EGFP).
4.
Connect the oscilloscope to the electrodes at the beginning of each experiment to monitor the square-wave pulses.
5.
Connect the wires to the stimulator and the electrodes as shown in Figure 1A .
6. Clamp the electrodes in the micromanipulator and position over the base of the light stereoscope.
Injection Setup

7.
Pull the capillary pipettes in advance of the experiment using a pipette puller.
As a starting point, instructions for pulling pipettes for different purposes can be found in the Pipette Cookbook (Oesterle 2015) , but the specific parameters must be determined empirically for each type of glass and the puller's filament. We use the following conditions with a Sutter Instrument P-97 pipette puller: Heat, Ramp; Pull, 100; Velocity, 100; Time, 150; Pressure, 500.
8. Open the pipettes by breaking the tips.
i. Place a pulled pipette on a microscope slide, and using an upright light microscope, determine the point at which to break the pipette by measuring the tip diameter using an eyepiece or stage micrometer.
ii. Break the tip of the pipette by sweeping it at the desired location with the back of a Pasteur pipette.
We use pipettes with tips that are 30-40 µm in diameter and have a bevelled taper length of 8 mm.
9. Back-load the pipette with mineral oil using a 30-gauge needle and 1-cc syringe. 10. Insert the pipette into the microinjector wire plunger and tighten the collet securely.
11. Fill the pipette with plasmid DNA solution (0.5-2 µg/µL with 0.01% Fast Green) as follows.
i. Discharge approximately half of the mineral oil in the pipette onto a piece of tissue paper.
ii. Pipette 5-15 µL of plasmid solution (according to the planned number of animals to be injected) onto a piece of Parafilm sterilized with 75% ethanol.
iii. Fill the pipette with the plasmid solution, avoiding the introduction of air bubbles (Supplemental Movie S1).
See Troubleshooting.
12. Position the microinjector over the base of the light stereoscope.
Electroporation
During the electroporation procedure, wipe off the electrodes frequently. Liquid and mucus from the tadpole accumulates on the electrode surface, and can interact with the transmission of electric pulses.
13. Anesthetize the tadpoles by placing them in a 2-L tank containing 1× Steinberg's Solution with 0.002%-0.005% benzocaine until unresponsive (3-5 min). Use a cut plastic transfer pipette to transfer the anesthetized tadpoles to the microscope base.
14. Place an anesthetized tadpole ventral-side-down on a stage made from a 100-mm Petri dish. Place a piece of folded paper tissue wetted with the anesthetic on top of the tadpole. Use a paintbrush to gently move the tadpole into the proper position.
15. Lower the microinjector to insert the pipette into the tadpole brain ( Fig. 1B ; Supplemental Movie S2). Insert the pipette to a depth that places it in the middle of the brain ventricle, but not so far in as to pierce through the ventral part of the brain.
A pulled pipette, or a 30-gauge hypodermic needle attached to a 1-cc syringe, can be used to make a small puncture in the middle of the tadpole skull where the pipette will be inserted.
16. Inject 75-140 nL (adjusted based on tadpole size and desired plasmid amount to be delivered) at 23 nL per second.
If the volume is too large, the solution will leak from the skull after injection, leading to poor transfection efficiency.
The solution, observed by monitoring the Fast Green dye, diffuses in the cerebrospinal fluid, filling the entire ventricle ( Fig. 1C ; Supplemental Movie S2).
17. Wait 10 sec after the injection, and then slowly remove the pipette.
18. Lower the electrodes over the tadpole brain, placing the inner edges firmly on the tadpole head on either side of the brain.
The distance between the electrodes will be determined by the size of the tadpole, but should not be <2 mm to prevent arcing ( Fig. 1C ; Supplemental Movie S3).
19. Manually deliver three to five single square wave pulses, 25-30 V, 15-25 msec pulse duration, using the stimulator (Supplemental Movie S3). To perform bulk electroporation on both sides of the brain, after delivering the first set of pulses, reverse the polarity on the stimulator and deliver a second set of pulses.
During pulse delivery, the tadpole tail muscle and eyes should twitch. Small bubbles may appear along the edges of the electrodes. Large bubbles are a sign of electrocution.
20. Retract the electrodes and gently place the electroporated tadpole into a 2-L recovery tank containing dechlorinated tap water at 23˚C.
Tadpoles should start to move within 10 min. Some animals might take longer and can be checked for a heartbeat to verify that they are alive.
In Vivo Screening for Fluorescent Expression
21.
Twenty-four to 48 h after electroporation, check survival and monitor transfection efficiency by examining EGFP fluorescence using a fluorescent stereoscope (Fig. 1D,E ).
Select animals for further analysis based on the location and intensity of the fluorescence.
See Hu et al. (2016) for a description, including figures, of how to select animals for further analysis. Note that strong autofluorescence of melanocytes in the head of X. tropicalis tadpoles may prevent analysis of fluorescence produced by the transfected plasmid. Accurate screening of the transfection may not be possible, and thus fluorescence may need to be determined a posteriori when the animals are killed and the brain dissected for analysis (Fig. 1F) .
TROUBLESHOOTING
Problem (
Step 11): The micropipette does not take up the plasmid solution. Solution: The tip may be clogged or too thin. Discard the needle and prepare another one with a slightly wider tip and, perhaps, a greater bevel angle. In our experience, a good micropipette has a smooth tip that is 30-40 µm in diameter with a bevelled tip length of 30 µm. Check micropipette quality by verifying that it can be filled without resistance, and by first delivering several injections onto tissue paper before using it for animal injection.
Problem (Step 20):
Tadpoles die following the electroporation procedure. Solution: The animals may have been left too long in the anesthetic. Reduce the time of exposure to anesthesia. Alternatively, if bleeding is observed in the brain, it likely indicates that the voltage setting is too high, the number of pulses is too much, or the pulse duration is too long. Reduce the pulse voltage and/or duration.
Problem (Step 21):
The survival rate the day after electroporation is low. Solution: The tadpoles may have been in poor body condition. It is critical that tadpoles used for the procedure be healthy and actively growing. Check tadpole growth conditions; e.g., reduce tadpole density, increase frequency of feeding and check water quality. Sometimes poor growth may be related to crowding or other stressors present during embryonic development. The solution is to start with a new spawn.
Problem (Step 21): EGFP expression is low. Solution: If low EGFP expression is observed in combination with a good survival rate, it may indicate that the electric pulse was not properly administered or was too low, or the plasmid concentration was too low. Revise the electrode positioning and increase the pulse voltage and/or duration. Plasmid quality can be checked by measuring plasmid concentration and purity (e.g., using a Nanodrop) and integrity (by agarose gel electrophoresis). Analysis of protein expression after transient transfection in tissue culture cells may also be used to verify plasmid quality and function. Repeat the electroporation with a new plasmid preparation.
DISCUSSION
Bulk electroporation of the Xenopus tadpole brain in vivo is a powerful approach for investigating the effects of ectopic gene expression on neural development and behavior. Native and mutant proteins (e.g., catalytically dead or dominant negative forms) can be expressed ectopically to modulate neural (Yao et al. 2007 (Yao et al. , 2008 Bagamasbad et al. 2015; Bender et al. 2017 ). The technique is also used to deliver antisense morpholino oligonucleotides (Bestman and Cline 2014) , and may be used with RNAi constructs or CRISPR/Cas9 plasmids to knockdown or knockout genes in targeted cells. 
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